Introduction
Over the last decade, since the first genetically modified lymphocytes were tested in humans, 1 many studies have demonstrated that adoptively transferred gene-modified lymphocytes can be successfully re-infused into patients and subsequently detected in vivo. Unfortunately, even in recent studies, the long-term detection of these transduced cells has generally required highly sensitive PCR techniques. 2 This suggests that the transduced cells do not survive in large numbers for significant lengths of time in vivo. The reasons for this are not clear. Certainly, cellular immune responses have been identified against the protein products of some foreign inserted genes. 3 However, other factors including ex vivo T cell receptor (TCR) activation, cytokine withdrawal upon re-infusion, inappropriate antigen presentation in vivo and a hostile pro-apoptotic tumour microenvironment may all result in a susceptibility to early apoptosis of gene-modified lymphocytes.
CD28 co-stimulation during T cell activation results in increased proliferation, 4 decreased activation-induced cell death (AICD) 5 and improved long-term lymphocyte survival. 6 These effects are thought to be mediated by a combination of downstream signalling events that result in increased IL-2 production 7 and the up-regulation of certain anti-apoptotic genes, in particular Bcl-X L . 5, 6, 8 Bcl-X L is a 233 amino acid protein that has close homology with the cell death regulator Bcl-2. First identified in 1993, 9 expression of Bcl-X L was shown to be restricted to long-lived cells, such as mature neural cells leading to the hypothesis of a role for Bcl-X L in long-term cell viability. Unlike Bcl-2, Bcl-X L is not expressed in resting T cells. CD28 co-stimulation results in a peak of Bcl-X L expression at 24-48 h with a subsequent decline. This has been shown to correlate with resistance to Fas antibodyinduced cell death. 8 Another study 6 has shown that the survival of T cells from Bcl-X L transgenic mice is not inhibited by blocking CD28 ligation, suggesting CD28-induced T cell survival is regulated by the expression of Bcl-X L . More recently, Dahl et al 10 expressed Bcl-X L in CD28-deficient murine T cells expressing a TCR recognising a specific antigen. They demonstrated that, in the absence of CD28, Bcl-X L expression prolonged lymphocyte survival, but did not restore normal proliferation or effector cell development. This suggested that the proliferative and survival signals generated by ligation of CD28 are separate and remained consistent with the hypothesis that specific induction of Bcl-X L by CD28 costimulation results in enhanced activated T cell survival.
We have constructed a retroviral vector that expresses the anti-apoptosis protein Bcl-X L in conjunction with the marker green fluorescent protein as part of a bicistronic gene product using an internal ribosome entry site. Jurkat cells transduced with Bcl-X L retrovirus were partially resistant to Fas (CD95) antibody-induced apoptosis. After assessing the transduction efficiency and expression of this vector in human peripheral blood lymphocytes, we present the results of functional in vitro assays that studied the effect of such expression on lymphocyte survival in various pro-apoptotic conditions including long-term co-culture with tumour cell lines. Ultimately, co-delivery of an anti-apoptotic gene to the lymphocyte alongside a therapeutic gene of interest, or alone in donor lymphocyte infusions, could provide a novel, physiological approach to enable long-term in vivo survival and persistence of cells thereby improving clinical outcome of cellular immunotherapy approaches and reducing the toxicity associated with concurrent systemic IL-2.
Results

Vector construction
The human Bcl-X L gene was cloned by PCR from cDNA prepared from CD3/CD28 antibody co-stimulated peripheral blood lymphocytes as described in Materials and methods. The gene sequence obtained contained two identical point mutations when compared with the published sequence (GenBank accession No. Z23115) at base pair positions 209 and 210, which resulted in the substitution of an alanine for a glycine at amino acid position 70. Bcl-X L was further amplified from cDNA prepared from a further two donors with the same mutations being identified on each occasion suggesting this is a common allele. The Moloney murine leukaemia virus-based vector rKat.Bcl-X L .IRES.GFP (Figure 1a ) was constructed as described in Materials and methods. Using this vector, a bicistronic mRNA encompassing the Bcl-X L and GFP cDNA was generated under the control of the LTR promoter. A control vector, rKat.B1.8.MTM.IRES.GFP (Figure 1b) containing the cDNA of an irrelevant cell surface expressed single chain antibody in front of the IRES, was also constructed. 
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Human lymphocyte transduction and Bcl-X L expression
Activated human peripheral blood lymphocytes (PBL) obtained from healthy donors were either mock transduced (packaging plasmid, pKat, alone), transduced with rKat.BCL-X L .IRES.EGFP virus or control rKat.B1.8.MTM.IRES.EGFP virus using a spin transduction method. Cells were then further expanded on iCD3/iCD28 antibodies for 72 h after which time transduction efficiencies were determined by flow cytometric analysis of GFP expression. Transduction efficiencies of 17-18% were achieved using this method ( Figure 3a) . The comparative levels of Bcl-X L expression were then assessed by Western blotting of transduced cell lysates. lymphocytes appeared equivalent to that of freshly CD3/CD28 co-stimulated lymphocytes thus confirming the expression of our vector in primary cells. Only faint expression was seen in control pKat and B1.8 transduced cells with no expression in naive non-stimulated T cells.
Expression of Bcl-X L promotes in vitro survival of peripheral blood lymphocytes in pro-apoptotic cell culture conditions
Unsorted Bcl-X L -transduced and control B1.8-transduced lymphocytes were cultured in growth media with or Gene Therapy without anti-CD3 antibody (OKT3) between days 0-10 and 22-30. These culture conditions (ie in the absence of IL-2 and with unopposed CD3 stimulus) would be expected to induce lymphocyte apoptosis.
11 On day 10, dead cells in each group were removed by centrifugation on a Ficoll gradient and the remaining cells were resuspended in fresh media and expanded in IL-2 (100 U/ml) for 12 days. Total viable cell number was estimated by trypan blue exclusion (Figure 4a ) and the percentage of GFP-positive cells (Figure 4b ) within a live lymphocyte 
.IRES.EGFP used as controls). Spin transduction method used to infect T cells (approximately 17% GFP-positive by FACS, a). On day 4 the cells were lysed. Proteins (200 g) subjected to SDS/PAGE and Western blot analysis with a monoclonal anti-Bcl-X antibody (Pharmingen). The Bcl-X L -expressing K562 cell line is shown as a positive control along with protein lysates prepared from iCD3/iCD28 activated and resting lymphocytes.
gating (Figure 4c ) as measured by flow cytometry analysis of aliquots of 10 5 cells from each group were measured every 72-96 h.
In Figure 4a it can be seen that, over the initial 10 days, in all groups the total number of viable cells decreased in apoptotic conditions. However, by day 10 more viable cells were present in the Bcl-X L transduced groups compared with control groups (1.5 × Following the addition of IL-2 to these cultures, the populations containing Bcl-X L transduced cells reexpanded at a faster rate than the controls (Figure 4a 13 days (see Materials and methods). On days 0, 2, 7 and 13 cells from each group were stained with Annexin V and the cell viability probe 7-AAD, and analyzed by triple-color flow cytometry. Lymphocyte viability diminished in both groups over time. Figure 5 illustrates that, Gene Therapy when cultured on both 293T and HeLa tumour cells, the rate of decrease in percentage of viable GFP-positive cells was clearly reduced in the Bcl-X L over-expressing population when compared with the control B1.8-transduced population. For example, after 48 h of co-culture on Hela 
cells from each group were stained with PE-conjugated Annexin V antibody and the viability probe 7-AAD, and analysed by triple-colour flow cytometry. Figure 5 shows log plots of the percentage of live GFPpositive cells in each group over time. This figure was calculated by gating on the GFP-positive cells (>10 2 ). Within this population, cells that stained with either Annexin V or 7-AAD were classed as apoptotic and the percentage of remaining live cells was calculated. (a) Results of co-culture on 293T cells, with (b) results for HeLa cells. Results are representative of two separate experiments.
cells (Figure 5b ), 50% of Bcl-X L over-expressing lymphocytes remain viable, compared with only 20% of control B1.8-transduced lymphocytes.
Bcl-X L expressing peripheral blood lymphocytes are not tumourigenic in an in vivo NOD/SCID model
One concern is that the over-expression of Bcl-X L in lymphocytes may result in the promotion of malignancy or induction of autoimmunity. In order to study this, unsorted Bcl-X L transduced human lymphocytes (35% GFP positive) were injected intraperitoneally into NOD/SCID mice (7.5 × 10 6 /mouse, n = 5) daily for 5 days. Over a 90-day observation period all animals remained healthy. Mean body weight of the group increased by 16% during the course of the study with no clinical signs of tumourigenicity or auto-immunity identified during this period. Upon post-mortem, no evidence of tumour formation or any other abnormalities were found (data not shown).
Discussion
We have attempted to modulate the resistance of cells to apoptosis and improve survival by transducing, initially Jurkat tumour cells, and subsequently human peripheral blood lymphocytes using a retroviral vector which expresses Bcl-X L linked via an internal ribosome entry site to the marker green fluorescent protein. We have shown Bcl-X L expression in unselected Jurkat cells can give a degree of protection against Fas antibody-induced apoptosis. Subsequent in vitro assays using transduced primary human lymphocytes clearly demonstrated that over-expression of Bcl-X L promotes the survival, but not proliferation of transduced lymphocytes deprived of cytokines such as interleukin-2, with or without the AICD-inducing anti-CD3 antibody, OKT3. Furthermore, Bcl-X L over-expression in human lymphocytes also decreased, but did not prevent apoptosis induced by long-term co-culture with the HeLa and 293T tumour cell lines. In a clinical setting this simple approach could potentially improve gene-modified cell survival and reduce the requirement for additional systemic IL-2 and the severe toxicity that may be associated with this. 12 The control of lymphocyte death/apoptosis is clearly vital to the regulation of the immune system. Too much apoptosis may result in immunodeficiency and a risk from infection, too little in autoimmune disease. Lymphocyte apoptosis commonly occurs by one of two major mechanisms. As alluded to above, a lack of antigen-specific receptor stimulation can result in lymphocytes not producing vital cytokines that are required for survival and dying by 'neglect'. Alternatively, a more active mechanism involves stimulation of 'death receptor' pathways, such as the CD95 (Fas) receptor with its natural ligand CD95L culminating in the death of the cell by apoptosis. 13 Both of these mechanisms may play a part in the poor in vivo survival of gene-modified lymphocytes in adoptive cancer therapy. Systemic exogenous administration of IL-2 is known to potentiate the anti-tumour effect of TILs 14 in murine models, presumably by maintaining growth and viability of the re-infused cells. Indeed, in recent work, Liu and Rosenberg have demonstrated that human melanoma-reactive lymphocytes transduced with the IL-2 gene can grow in the absence of exogenous IL-2 whilst maintaining specific anti-tumour activity. 15 Natural killer-like T lymphocytes transfected with IL-2 have also been shown to have significantly higher cytotoxic activity in vitro and are under investigation in phase I huamn trials. 16 Equally, however, expression of CD95L on tumour cells has been proposed as a mechanism of 'tumour escape' from immune control 17 and death receptor signalling is thought to be the mechanism by which lymphocytes activated through the TCR alone undergo what is known as activation-induced cell death (AICD). TCR activation leads to expression of CD95L on the T cell surface and results in the cell eliminating nearby CD95-positive T cells. 13 A role for Bcl-X L in the prevention of death receptor induced apoptosis is controversial with some groups suggesting that Bcl-X L over-expression has no impact on cell Improving lymphocyte survival with Bcl-X L gene D Eaton et al 533 death induced by Fas antibodies even though it efficiently inhibits apoptosis induced in other ways (eg cytokine withdrawal or irradiation). Other groups 18 have found that only membrane-bound CD95L reliably induces apoptosis, independently of the Bcl-2 genes, whereas results using CD95 antibodies are variable. Activation of death receptors results in the formation of a death-inducing signalling complex (DISC) on the cell membrane. This links with the fas-associated death domain (FADD) and results in proteolytic activation of caspase 8. Caspase 8 can rapidly activate caspase 3 and trigger a cascade of protease activation that results in the apoptosis of the cell. However, the amount of caspase 8 activated is often insufficient to cause the caspase cascade, and an amplification loop is required via the mitochondria. Caspase 8 activates the bcl-2 family member Bid. This causes mitochondria to release proapoptotic molecules such as cytochrome C and Apaf 1, which in turn trigger the caspase cascade and the apoptosis of the cell. Bcl-X L , is thought to prevent apoptosis by stabilising the mitchondrial membrane thus preventing release of molecules such as cytochrome C. In this model, 13 given appropriate conditions, the mitochondrial amplification loop may be bypassed, making Bcl-X L expression less likely to prevent death receptor induced apoptosis. In view of this we are also currently studying the co-delivery of alternative anti-apoptotic genes to transduced lymphocytes as a more efficient way of protecting cells from death receptor induced apoptosis.
Pirtskhalaishvili et al 19 recently used an adenoviral vector to transduce Bcl-X L into dendritic cells. Bcl-X L overexpressing dendritic cells were shown to be more resistant to apoptosis induced by a prostatic cancer cell line. Subsequently, in a murine prostate cancer model, intratumoural administration of dendritic cells transduced with the Bcl-X L gene resulted in a significant inhibition of tumour growth compared with the administration of non-transduced dendritic cells.
Unlike Bcl-2, Bcl-X L expression has not been reported to produce malignancy. Our in vitro data show no evidence of increased proliferation or clone formation following Bcl-X L gene transfer and in an in vivo model NOD/SCID mice injected with large numbers of Bcl-X L over-expressing lymphocytes on consecutive days showed no signs of ill health over a 90-day observation period. However, Bcl-X L over-expression is seen in a number of malignancies and clearly a potential concern which would have to be fully addressed before this approach could be tested in humans is the risk of either tumour induction or, indeed, autoimmunity. Further, long-term in vivo models are planned to address such concerns and study the survival of Bcl-X L -transduced lymphocytes.
In summary, our results indicate that co-expression of Bcl-X L in therapeutic lymphocyte infusions could enhance the long-term survival and persistence of transduced cells in vivo, either by preventing AICD, or by reducing apoptosis caused by cytokine deprivation. This novel physiological approach has the potential to enhance the clinical outcome of gene-modified (eg chimeric T cell receptor 20 ) T cell therapy, the adoptive transfer of specific T cells and, in the allogeneic setting, donor lymphocyte infusions.
Gene Therapy
Materials and methods
Retroviral vector construction and generation of recombinant retrovirus
Peripheral blood lymphocytes were isolated and activated as described below. RNA was extracted from 5 × 10 6 cells using the RNeasy protocol (Qiagen, Crawley, West Sussex, UK) and cDNA was made by reverse transcription. The human Bcl-X L gene was cloned from this cDNA by the PCR technique. Primers were designed according to the published sequence (GenBank accession No. Z23115), into which restriction enzyme site sequences EcoRI and FspI were added. The forward sequence was 5Ј-TTC TCT AGA CGA AGA ATT CAA ATG TCT CAG AGC AAC CGG GAG CT-3Ј and the reverse sequence was 5Ј-CAA CAG CTG GGG TTG CGC AAA TCA TTT CCG ACT GAA GAG TGA GCC CA-3Ј. Human Bcl-X L cDNA PCR product was cloned into the TOPO TA vector (Invitrogen, Paisley, UK) according to the manufacturer's instructions and subsequently sequenced (ABI sequencer, Perkin Elmer, Beaconsfield, UK).
The Moloney murine leukaemia virus vector rKat 
Cell culture and retroviral lymphocyte transduction
Human peripheral blood lymphocytes (PBL) were obtained from healthy donors by centrifugation on Histopaque (density, 1.077g/ml; Sigma, Poole, UK) for 20 min at 20°C and washed twice with PBS. Monocytes were eliminated following adherence at 37°C. The resulting lymphocyte population was cultured in RPMI-1640 (GIBCO-BRL, Paisley, UK) supplemented with 10% fetal calf serum (FCS), 1% L-glutamine, 1% penicillin-streptomycin, 50 mM 2-mercaptoethanol and 20 mM HEPES (Sigma). Before transduction lymphocytes were activated for 72 h on immobilised anti-human CD3 (clone UCHT-1) (iCD3) and anti-human CD28 (clone 37407.111) (iCD28) monoclonal antibodies (R&D Systems, Minneapolis, MN, USA) with human IL-2 (30 U/ml) (Chiron). For the immobilisation of antibodies, six-well non-tissue culture treated plates were coated with antibody (1 g/ml in PBS) at 2 ml/well for 2 h at 37°C. The coated plates were then blocked with 2% BSA in PBS for 20 min at 37°C, washed once with PBS and then used for activation.
A spin transduction method based on the method of Costello et al 24 was used to infect PBLs. 10 6 PBLs were pelleted in a 15-ml Falcon tube. Cells were resuspended in 2 ml fresh viral supernatant with 4 g/ml polybrene (Sigma) and centrifuged at 1200 g for 2 h. Cells were then washed once in PBS, resuspended in 1 ml media and placed on iCD3/iCD28 plates overnight. This transduction process was repeated on 2 consecutive days. Cells were further activated for 72 h on iCD3/iCD28, at which point efficiency of transduction was assessed by flow cytometric analysis of GFP expression.
For lymphocyte survival studies, cells were then Ficolled to remove dead cells, washed twice in serum-free RPMI, counted and put into culture with medium alone or medium and soluble anti-CD3-OKT3 (Orthobiotech, NJ, USA) (1 g/ml). Total viable cell number was measured by trypan blue exclusion. After gating on the live lymphocyte population, the percentage GFP-positive live cells was measured by flow cytometry (of aliquots of 10 5 cells) in each group every 72-96 h.
In the tumour co-culture experiments, 293T and HeLa tumour cell lines (2 × 10 5 per well) were plated out into a six-well tissue culture plate on day Ϫ1. Twenty-four hours later (day 0), Bcl-X L and control B1.8-transduced lymphocytes were washed, resuspended at a concentration of 2 × 10 6 cells/ml growth media and co-cultured with the tumour cells for 48 h in the absence of IL-2. Lymphocytes from each group were then carried over into fresh six-well plates (in an attempt to isolate them from the tumour cells) and were cultured in growth media plus IL-2 (100 U/ml) for a further 13 days. In fact, due to a significant amount of carry-over of the tumour cells the lymphocytes were effectively cultured with tumour cells for the whole experiment.
For Fas-induced apoptosis studies, Jurkat cells (10 5 ) were transduced with rKat.Bcl-X L .IRES.EGFP (and rKat.B1.8.MTM.IRES.EGFP control) retrovirus using the spin transduction method as above, but without antibody stimulation. Transduced cells were suspended in fresh medium (0.5 × 10 6 /ml) in a 24-well tissue culture plate. Twenty-four hours later, the soluble anti-human CD95 (FAS) monoclonal antibody (R&D Systems, Abingdon, UK) (1 g/ml) and Protein G (Sigma) (1 g/ml) was added to the cells. Control cells were cultured in the presence of an IgG 1 isotype control antibody and Protein G. Twenty-four hours later cells were stained with a PE-conjugated Annexin V antibody (Pharmingen, Oxford, UK) and the percentage of apoptotic cells within the population was assessed by flow cytometry (All Annexin Vpositive cells were considered apoptotic).
Flow cytometry
Cells were washed in 1%BSA/PBS and stained with appropriately diluted antibodies (PE-Annexin V, ViaProbe (7-AAD) or PE-anti-CD3; Pharmingen) according to the manufacturer's recommendations. 10 000 cells were analysed on a FACSCalibur flow cytometer (Becton Dickinson, Oxford, UK).
Western blot
Lymphocytes transduced with control virus and rKat.Bcl-X L .IRES.EGFP virus were lysed in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.5% SDS and 50 mM Tris-HCl, pH 8.0). The protein concentration in the cell lysates was determined using the BioRad D C Protein Assay (BioRad, Hemel Hempstead, UK). Proteins (200 g/lane) were separated by SDS/PAGE in a 12% gel and blotted on to a nitrocellulose membrane (Hybond-C Extra; Amersham Life Science, Bucks, UK). Bcl-X L was detected using a purified mouse anti-Bcl-X monoclonal antibody (Pharmingen, clone 2H12) (1/250 dilution) followed by incubation with a horseradish peroxidase-conjugated anti-mouse IgG antibody (Sigma) (1/2000 dilution). The membrane was developed using an enhanced chemiluminescence kit (ECL; Amersham Pharmacia Biotech).
Animal study
Bcl-X L -transduced lymphocytes were washed twice with PBS and adjusted to a cell concentration of approximately 3.75 × 10 7 cells per ml in PBS. Five female NOD/SCID mice (8 weeks of age) were dosed intraperitoneally with 0.2 ml of lymphocyte suspension using a 23G needle. Lymphocyte preparation and animal dosings were repeated for 5 sequential days with each animal receiving approximately 3.75 × 10 7 lymphocytes in total. Animals were observed regularly for 90 days at which point the animals were killed and examined at post-mortem for evidence of tumour formation or other abnormalities.
